To test whether the formation of all-trans retinol limits the regeneration of the visual pigment. all-trans retinol is formed after visual pigment bleaching through the reduction of all-trans retinal in a reaction involving NADPH. This reduction begins the recycling of the chromophore for the regeneration of the visual pigment. METHODS. Experiments were performed with dark-adapted, isolated retinas and isolated photoreceptor cells from wild-type and Nrl Ϫ/Ϫ mice. The photoreceptors of Nrl Ϫ/Ϫ mice are conelike and contain only cone pigments. The formation of all-trans retinol after pigment bleaching was measured by quantitative HPLC of retinoids extracted from isolated retinas and by imaging the fluorescence of retinol in photoreceptor outer segments. Experiments were performed at 37°C. RESULTS. In rods, the formation of all-trans retinol proceeded with first-order kinetics, with a rate constant of 0.06 Ϯ 0.02 minute Ϫ1 , significantly faster than the reported rate constant for rhodopsin regeneration. In Nrl Ϫ/Ϫ photoreceptors, the formation of all-trans retinol occurred at least 100 times faster than in rods. For both cell types, the fraction of all-trans retinal converted to all-trans retinol at equilibrium is ϳ0.8, indicating the presence of a similar fraction of reduced NADPH. CONCLUSIONS. Formation of all-trans retinol does not limit the regeneration of bleached visual pigment. Formation of all-trans retinol in the cone-like Nrl Ϫ/Ϫ photoreceptors is much faster than in rods, consistent with a faster regeneration of the visual pigment after bleaching. Different types of photoreceptors contain a comparable fraction of reduced NADPH to drive the reduction of all-trans retinal. (Invest Ophthalmol Vis Sci. 2009; 50:3589 -3595) DOI:10.1167/iovs.08-3336 V ision is initiated by the absorption of light by the visual pigment present in the outer segments of the rod and cone photoreceptor cells in the retina. In both cell types, the first step in the detection of light is the photoisomerization of the retinyl chromophore of the visual pigment from 11-cis to alltrans.
V
ision is initiated by the absorption of light by the visual pigment present in the outer segments of the rod and cone photoreceptor cells in the retina. In both cell types, the first step in the detection of light is the photoisomerization of the retinyl chromophore of the visual pigment from 11-cis to alltrans. 1, 2 This isomerization of the chromophore bleaches the pigment, necessitating its regeneration with fresh 11-cis retinal. The production of 11-cis retinal includes the recycling of the all-trans chromophore of the bleached pigment through a series of reactions called the visual cycle. [3] [4] [5] These reactions begin in the outer segment with the release of all-trans retinal from the photoactivated pigment and its reduction to all-trans retinol by retinol dehydrogenase in a reaction using NADPH. 6 The all-trans retinol is then transferred from outer segments to the adjacent retinal pigment epithelial cells, 7 where it is esterified to form retinyl ester. 8, 9 The ester is converted to 11-cis retinol, 10 -13 which is then oxidized to 11-cis retinal. 14 Studies of cone-dominant ground squirrel and chicken retinas have provided evidence of the presence of an additional visual cycle used by cones. [15] [16] [17] Continuous vision depends on the regeneration of the visual pigment and defects in the processing of the chromophore through the reactions of the visual cycle are responsible for a wide range of visual defects. 3, 18 Extensive studies using whole eyes have argued for the presence of two slow steps in the operation of the mouse visual cycle: the formation of all-trans retinol and the isomerization of all-trans retinyl ester. 19 -21 Although the formation of all-trans retinol has been characterized in detail in amphibian photoreceptors, [22] [23] [24] these results cannot provide a quantitative insight into the operation of the mouse visual cycle because of critical species differences, such as body temperature. Therefore, we undertook the measurement of the kinetics of all-trans retinol formation in mouse photoreceptors by HPLC of retinoid extracts and fluorescence imaging. In our results, all-trans retinol formation was not the slowest step in the mouse visual cycle, which supports the notion that the isomerization of retinyl esters is the slowest step. 20, 21 Throughout the text, unqualified retinal and retinol refer to the all-trans isomers.
METHODS
Wild-type mice (C57BL/6J) were from The Jackson Laboratory (Bar Harbor, ME). Rpe65 Ϫ/Ϫ and Nrl Ϫ/Ϫ mice were from established colonies at the Medical University of South Carolina. Rpe65 Ϫ/Ϫ mice lack the 11-cis retinal chromophore 25 and Nrl Ϫ/Ϫ mice lack Nrl, a transcription factor necessary for rod photoreceptor development. 26 All animal procedures were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee of the Medical University of South Carolina, and the protocol adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Animals were kept in cyclic light, 12-hour light cycle (0600 -1800 hours). For the experiments, we used 2-to 3-month-old animals. In animals between the ages of 2 and 3 months, we have not observed significant age-dependent differences in the kinetics of retinol formation. We have not been able to obtain reliable results from Nrl Ϫ/Ϫ mice older than 3 months, presumably because of the deterioration of their retinas with age. 27 Animals were dark-adapted overnight and killed under dim red light. The retinas were excised under either dim red or infrared light in mammalian Ringer's (in mM: 130 NaCl, 5 KCl, 0.5 MgCl 2 , 2 CaCl 2 , 25 hemisodium-HEPES, and 5 glucose [pH 7.40]). All reagents were of analytical grade.
For HPLC measurements, isolated retinas were incubated at 37°C in bicarbonate Ringer's (in mM: 94 NaCl, 5 KCl, 0.5 MgCl 2 , 2 CaCl 2 , 25 hemisodium-HEPES, 24 NaHCO3, and 5 glucose, [pH 7.40]) gassed with 95% O 2 and 5% CO 2 (at 1 atm) to maintain the pH. Virtually identical results were obtained when the mammalian Ringer's was used, without bicarbonate and without gassing. For these experiments, the retinas were fully separated from the pigment epithelium. This separation eliminates the transfer of retinol from the photoreceptors to the pigment epithelium and results in its accumulation in the rod outer segments. 28, 29 In this way, the formation of retinol can be studied without interference by the subsequent reactions of the visual cycle. Retinoids were extracted at different times after bleaching the retina and processed for HPLC (Waters Corp., Milford, MA). UV light (10 seconds of 360 nm light from a UVGL-25, light flux 1.4 mW cm
Ϫ2
) was used for bleaching Nrl Ϫ/Ϫ mouse retinas; long-wavelength light (1 minute; Ͼ530 nm from a 150-W halogen lamp illuminator) was used for bleaching wild-type mouse retinas. For retinoid extraction, essentially the same procedures outlined previously 29 were followed. The only difference was the mobile phase, which here consisted of hexanes (HPLC grade), ethyl acetate, octanol, and dioxane in 91.8:6.6:0.8: 0.8 ratios. 19 The relative amount of a retinoid in the sample was calculated from the area under its peak, and its extinction coefficient. The fraction of all-trans retinol was calculated from the relative amounts and used as the measure of all-trans retinol formation. 29 23 and placed in a chamber that fit on the microscope stage. Isolated photoreceptor cells were obtained by chopping the retina with a razor blade in a dish coated with an elastomer (Sylgard; Dow Corning, Midland, MI) and placed in 100-L chambers that fit on the microscope stage. To keep the cells in place during the experiment, the bottoms of the chambers were coated with 0.01% polylysine or polyornithine solutions (Sigma-Aldrich, St. Louis, MO). Fluorescence imaging experiments were performed on the stage of an inverted microscope (Axiovert 100; Carl Zeiss Meditec, Thornwood, NY), with 360 nm excitation and Ͼ420 nm emission. 29 For slices, one of two objective lenses was used (a water-immersion 40ϫ Achroplan [NA ϭ 0.8], and for isolated cells an oil immersion 40ϫ Plan Neofluar [NAϭ1.3]; both by Carl Zeiss Meditec). The experiments were performed at 37°C. To maintain the higher temperature, we heated the microscope stage and the oil-immersion objective (Warner Instruments, Hamden, CT). Fluorescence images were acquired at different times after bleaching a slice or an isolated cell. For bleaching, long-wavelength light (1 minute; Ͼ530 nm from a 150-W halogen lamp illuminator) and 360-nm light (10 seconds from the Xenon arc lamp of the imaging system; flux 1 mW cm Ϫ2 )
were used for wild-type and Nrl Ϫ/Ϫ tissues, respectively. Fluorescence intensity was measured over defined regions of interest (ROIs) in the outer segments and background. In experiments with slices, after correcting for background, the fluorescence intensities were divided by the initial value before bleaching. In experiments with isolated cells, after correction for the background, the initial value before bleaching was subtracted from all subsequent values to obtain the fluorescence due to retinol; retinol fluorescence was then converted to retinol concentration (in mM) through a calibration procedure using hexane/chloroform droplets containing a concentration of 1.5 mM all-trans retinol. 29 To describe and compare the measurements of retinol across techniques and cell types, we approximated the formation and elimination of retinol as two separate first-order processes:
with f 1 and f 2 the apparent rate constants of formation and elimination, respectively. Hereafter, we will refer to f 1 and f 2 simply as rates. The generation of metarhodopsin from rhodopsin by light was assumed to be much faster than the subsequent processes. This assumption is clearly not valid for the experiments with Nrl Ϫ/Ϫ cells, in which case the formation kinetics are not fully resolved. For the measurements of whole retinas and retina slices, the outer segments were closely packed together resulting in a small surface-to-volume ratio, so there was virtually no elimination of retinol, and f 2 Ϸ 0. In that case, the concentration of retinol ROL as a function of time t after bleaching is given by
where C 0 is the concentration that retinol attains at steady state, long after bleaching. Well after bleaching, all the all-trans retinal chromophore has been released from metarhodopsin, and a concentration C 0 has been converted to retinol. So, C 0 is the concentration of retinol at equilibrium with retinal. As all chromophore is derived from the bleaching of rhodopsin, the total chromophore concentration is the same as that of bleached rhodopsin concentration, P 0 . At equilibrium,
with ␤ Ϸ 0.8 based on the known thermodynamics of the reaction. 29 In the case of isolated photoreceptor cells, the large surface-tovolume ratio allows for the faster elimination of retinol, and f 2 Ͼ 0. In that case,
In general, the parameters C 0 and f 1 in equation 4 may not be the same as in equation 2. One special case for which the parameters are the same is when retinal is in rapid equilibrium with retinol. In that case, f 1 is the actual rate of all-trans retinal release from metarhodopsin, and f 2 is the actual rate of all-trans retinol elimination from the outer segment. It should be kept in mind that in general the assignment of physical meaning to the parameters appearing in equation 4 is modeldependent. Parameters were determined by least-squares fits (Kaleidagraph; Synergy Software, Reading, PA). Errors for parameters were obtained from the curve fits.
RESULTS

Kinetics of all-trans Retinol Formation in Mouse Rod Photoreceptors
Exposure of vertebrate photoreceptor cells to light results in the formation of retinol in the photoreceptor outer segments. In isolated retinas, separated from the retinal pigment epithelium, the all-trans retinol formed after light exposure cannot be transported away by carriers. Furthermore, the closely packed rod outer segments result in a low surface to volume ratio slowing down the escape of retinol to the bulk solution, so that it accumulates in the outer segment membranes. Figure  1 presents the results obtained under such conditions. Figure  1A shows the chromatographic profiles of retinoids extracted from wild-type mouse retinas incubated at 37°C for different times after light exposure. In the dark (trace a), almost all of the chromophore was in the 11-cis configuration. After bleaching the retina with Ͼ530 nm light for 1 minute, almost all the 11-cis retinal chromophore was isomerized to all-trans (trace b), meaning that all the rhodopsin was bleached. Subsequently, all-trans retinal was reduced to all-trans retinol, which accumulated in the retina (traces c and d). From such data we obtained the increase in the fraction of retinol with time after bleaching (Fig. 1B) . We converted the fraction of retinol to its corresponding concentration in the outer segment (Fig. 1B , right y-axis), using a rhodopsin concentration of 3 mM for mouse rods. 30 The overall rate of formation, obtained by fitting the data with equation 2, is f 1 ϭ 0.04 Ϯ 0.01 minute Ϫ1 , and the fraction of retinal chromophore converted to retinol at equilibrium is 0.82 Ϯ 0.04, which corresponds to a retinol concen- Kinetics of all-trans retinol formation after bleaching for wild-type mice (छ, n ϭ 8). There was no significant fluorescence increase in the rod outer segments of Rpe65 Ϫ/Ϫ mice (ࡗ, n ϭ 7). In all experiments, the first time point (at t ϭ Ϫ1 minute) was the outer segment fluorescence of the dark-adapted slice, and all subsequent fluorescence values were normalized to that one. Error bars, SD. Bleaching was performed between t ϭ Ϫ1 minute and t ϭ 0. The curve is a single exponential least-squares fit (R ϭ 0.99; equation 2) to the wild-type data, giving f 1 ϭ 0.06 minute Ϫ1 . , and C 0 ϭ 2.5 mM. 82 ϫ 3) . Similar results were obtained by using the fluorescence of retinol to monitor its accumulation in retina slices (Fig. 2) . As in the case of the whole isolated retina, retinol accumulated after light exposure with a rate constant of 0.06 Ϯ 0.01 minute Ϫ1 , in reasonable agreement with the time course measured from whole retinas with HPLC. Figure 2 also shows that, as expected, there was no fluorescence increase in the rod outer segments of retinas from Rpe65 Ϫ/Ϫ mice (filled diamonds), which lack the 11-cis retinal chromophore, 25 in agreement with the published results at room temperature. 23 A disadvantage of the slice preparation is its limited resolution: First, it does not provide information at the level of the single outer segment and second, because the exact tissue thickness from which fluorescence is collected is not known, it is not possible to convert fluorescence intensities to retinol concentration. Therefore, we undertook experiments with isolated rod photoreceptor cells (Fig. 3A) . The bleaching of rhodopsin results in an increase in retinol fluorescence in the outer segment, which is followed by a decrease, as retinol escapes to the bulk solution. Of importance, retinol fluorescence increases uniformly in the outer segment, without any evidence of the gradients observed in salamander and gecko photoreceptors. 22, 24, 31 We can then convert the fluorescence of retinol to a single outer segment concentration using a calibration procedure with retinol-containing droplets. 29 This conversion allows the direct comparison of the fluorescence intensity data with the biochemical extraction data. The kinetics of retinol formation (average from n ϭ 13 cells) are shown in Figure 3B . Fitting the data with equation 4 gives f 1 ϭ 0.06 Ϯ 0.02 minute Ϫ1 , f 2 ϭ 0.024 Ϯ 0.009 minute Ϫ1 , and C 0 ϭ 2.5 Ϯ 0.7 mM. The rate of formation f 1 is in good agreement with the extraction and slice data, and amplitude C 0 is the same as the one obtained from the extraction data at time points long after bleaching. Overall, the results obtained with the three different preparations (whole retina, slice, and isolated cells), which were subjected to vastly different levels of physical strain, are in good agreement. In addition, our results are in good agreement with the measurements of all-trans retinal clearance after bleaching from experiments with whole animals (time constant of 15 minutes, 20 corresponding to a rate of 0.07 minute Ϫ1 ). Thus, it is very unlikely that our measurements were affected by damage to the photoreceptors arising from the separation of the retina from the retinal pigment epithelium.
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Kinetics of all-trans Retinol Formation in Conelike Nrl
Ϫ/Ϫ Photoreceptors Cone photoreceptors operate under bright light conditions, necessitating the rapid regeneration of the visual pigment. We selected the retinas of the Nrl Ϫ/Ϫ mice to study the formation of retinol in cone photoreceptors. The cone pigments found in the Nrl Ϫ/Ϫ retina are the same as in wild-type, a short-wavelength ( max ϳ 360 nm) and a middle-wavelength ( max ϳ 510 nm) sensitive, 32 with most of the light sensitivity being due to the short-wavelength sensitive one. Compared with wild-type, retinol formed much faster in the Nrl Ϫ/Ϫ retinas (Fig. 4) . Figure  4A shows chromatograms of retinoids extracted from the Nrl Ϫ/Ϫ mouse retinas at different times after light exposure. Most of the retinoid in dark-adapted retinas was 11-cis retinal (trace a), though a substantial amount of all-trans retinoids comprising ϳ10% of the total pool was present as well, in agreement with previous results. 33, 34 Nrl Ϫ/Ϫ retinas contain rosettes and whorls, 26 so that, after their separation from the rest of the eyecup, the retinas may still carry a significant contamination of retinal pigment epithelial cells. Because of the possibility of such contamination, we cannot readily conclude from our data that the all-trans retinoid pool was part of the retina and not a retinal pigment epithelium contaminant. Exposure to Ͼ530 nm light for 1 minute did not appreciably change the retinoid profile (trace b). We would have expected this light exposure to bleach the middle-wavelength sensitive cone pigment, but as this pigment constitutes only a small portion of the total pigment, the change in the all-trans retinoid pool may be below the resolution of our measurements. Exposure of a retina to 10 seconds of 360 nm light converts 50% to 60% of the 11-cis retinal to all-trans (trace c), consistent with most of the light sensitivity being due to a short-wave- length pigment. One reason for the partial conversion of 11-cis to all-trans is likely to be photoreversal of the metaproducts during the light exposure because of the overlap in their absorbance with that of the dark state of the pigment. In the case of wild-type rods containing rhodopsin, this photoreversal can be largely avoided by taking advantage of the blue-shifted spectra of the metaproducts compared with rhodopsin 35 and using long-wavelength light for bleaching. For the short-wavelength-sensitive cone pigment, however, its metaproducts are red-shifted, 36 making photoreversal difficult to avoid. After light exposure, all-trans retinal is swiftly converted to all-trans retinol (trace d), reaching within 5 minutes a fraction of 0.76 Ϯ 0.02 that remains stable for at least 1 hour (Fig. 4B) . Fitting these data with equation 2 gives a rate of retinol formation of f 1 ϭ 6.8 Ϯ 1.9 minutes Ϫ1 and a fraction of retinal converted to retinol at an equilibrium of ␤ ϭ 0.77 Ϯ 0.03. With a bleaching of ϳ60% of visual pigment by the 10-second UV exposure and an outer segment pigment concentration in cones of 3 mM, 27, 37 this fraction of retinol corresponds to an outer segment concentration of C 0 ϭ 1.4 mM (0.77 ϫ 0.6 ϫ 3 mM). The value of the fraction of retinal converted to retinol at thermodynamic equilibrium in Nrl Ϫ/Ϫ cells is essentially the same as for rods, ϳ0.8.
We did not attempt to perform fluorescence measurements of retinol formation in slices from Nrl Ϫ/Ϫ retinas, as these retinas include rosettes and whorls that compromise the proper stacking of the retina layers. We performed fluorescence imaging experiments with isolated cells (Fig. 5 ). After the cell was bleached with 10 seconds of 360-nm light, the retinol outer segment concentration first increased rapidly and then decreased in the course of a few minutes as retinol escaped into the bulk solution. Fluorescence intensities were converted to retinol concentrations and plotted as a function of time after bleaching ( Fig. 5B ; average from n ϭ 6 cells). The data were fitted with equation 4, giving f 1 ϭ 19.5 Ϯ 5.9 minutes Ϫ1 , f 2 ϭ 0.15 Ϯ 0.01 minute Ϫ1 , and C 0 ϭ 1.65 Ϯ 0.04 mM. The significant discrepancy, of approximately threefold, in the rate of formation obtained from whole retinas (6.8 minutes Ϫ1 ) compared with that from isolated cells (19.5 minutes Ϫ1 ) was probably due to the kinetics of formation being somewhat faster than the resolution of our measurements. The amplitude C 0 is in reasonable agreement with the one obtained from whole retinas when we take into account the partial conversion of 11-cis chromophore to all-trans by the bleaching light.
DISCUSSION
In our experiments, the formation of retinol in mouse rod outer segments proceeded at a rate of 0.06 Ϯ 0.02 minute Ϫ1 , corresponding to a time constant of ϳ17 minutes. This rate was much faster than the regeneration rate of rhodopsin in the C57BL/6 mice used in our experiments, for which rhodopsin regeneration was less than 50% complete by 90 minutes. 38, 39 The rate was also faster than the rate of rhodopsin regeneration in 129/sv mice (time constant of 30 minutes 20 ) . Therefore, the formation of retinol is not the slowest step in the mouse visual cycle (see also Ref. 21) , and the recycled chromophore can contribute significantly to the retinoid pool used for the generation of rhodopsin. This result is in contrast to the previous proposal that the reduction of retinal to retinol limits the rate of rhodopsin regeneration in mice. 19 That proposal was based on the observation that light exposure of whole eyes results in accumulation of all-trans retinal but not of all-trans retinol in the retina. However, the all-trans retinal measured in those experiments may not have been available for reduction, as it could still be bound to photoactivated rhodopsin. The lack of all-trans retinol accumulation could be due to its rapid transfer to the retinal pigment epithelium. Our experiments avoided interference from subsequent reactions by measuring retinol formation directly in isolated retinas and photoreceptors. More recent investigations argued that there are two slow steps in the mouse visual cycle, reduction of all-trans retinal and isomerization of all-trans retinyl ester, because these two substances accumulated and decayed slowly during recovery from bleaching. 20 Additional experiments have further suggested that the reduction of all-trans retinal is faster than other steps in the visual cycle. 21 By establishing that the formation of retinol is not limiting, our results support the isomerization of the retinyl ester being the slowest step in the mouse visual cycle. 20, 21 If we extrapolate to the human situation, however, rhodopsin regeneration is complete within 15 to 20 minutes (Figs. 9, 10 in Ref. 3) , which is significantly faster than the retinol formation we have measured. A possible explanation is that there are important metabolic differences between mouse and human rods, and the latter can reduce all-trans retinal faster. Alternatively, in humans, the existing retinal pigment epithelial stores and the circulation can rapidly supply the retinoid needed for regeneration without need for the recycled chromophore.
The overall rate of formation of retinol is much slower than the reported rate of retinal release from the bleached pigment, In the living cell, however, the release of retinal may be slowed down by the binding of arrestin to photoactivated and phosphorylated rhodopsin. 41 Moreover, retinal may not become readily available for reduction, as it may accumulate in the disc lumen, forming a Schiff base with phosphatidylethanolamine and depend on the ABCR protein to be transported to the cytosol. [42] [43] [44] The availability of NADPH and the catalytic rate of retinol dehydrogenase could also limit the generation of retinol. In view of this complexity, it is not surprising that the experimental data from slices and isolated cells indicate the presence of two phases. The rapid phase is not well resolved in the measurements from whole retinas (perhaps because of the underestimation of the retinol fraction at early times; see the Methods section), but it has been observed in salamander and frog photoreceptors. 23, 24 The rapid formation of retinol suggests that there is a rapid component of retinal release, and, moreover, there is sufficient NADPH present to convert this rapidly released retinal to retinol. The secondary, slower component of retinol concentration increase may be due to a variety of factors, such as a slower component of retinal release or limitations in the supply of NADPH. At this stage, our experiments cannot separate the contributions from all these different physical reactions, and we have approximated the overall formation of retinol with first order kinetics.
The rate of retinol formation in Nrl Ϫ/Ϫ cells is at least 100ϫ higher than in wild-type rods. Such a high rate requires both a rapid release of all-trans retinal from the photoactivated cone pigment, and a rapid reduction by the retinol dehydrogenase. The lifetime of the short-wavelength cone pigment photointermediates is known to be in the order of seconds 45 and direct measurements of retinal release from a homologous cone pigment give a very fast time constant as well (Kuemmel CM, et al. IOVS 2008;49:ARVO E-Abstract 1554). As for the reduction reaction, the retinol dehydrogenase activity in cones is much greater than in rods, 46 while the supply of NADPH is unlikely to be limiting, as Nrl Ϫ/Ϫ cells (and cones in general) have a much smaller outer segment volume than rods 27 and contain a much smaller amount of retinyl chromophore that they must reduce. As with rods, the rate of retinol formation is much faster than the reported rate of cone pigment regeneration in Nrl Ϫ/Ϫ retinas, in which 11-cis retinal levels recover to ϳ50% of prebleach levels after 30 minutes. 34 The fraction of chromophore converted to retinol at thermodynamic equilibrium with retinal is very similar, ϳ0.8, across cell types and species, including frog, 29 suggesting that cellular metabolic activity sets the fraction of outer segment NADPH to comparable levels. An intriguing explanation for this similarity would be the operation of a homeostatic mechanism.
In summary, we characterized the formation of retinol in mouse rod and cone photoreceptors. We found that, in both cell types, retinol formation occurred significantly faster than the reported rates for pigment regeneration. The generation of retinol proceeded at least 100ϫ faster in cones than in rods, consistent with the overall need to regenerate the visual pigment faster in cones, so that the cells can operate continuously under bright light conditions. The fraction of NADPH in cone outer segments is similar to that of rods, pointing to a regulation of the metabolic pathways that provide the needed reducing equivalents.
